cycles/mm), PZ (6-10 cycles/min), and P3 (respiratory frequency).
In the presence of sympathetic input only the amplitudes of all peaks were decreased; when only vagal input was present the amplitudes of Pr and Pg were increased and there was no change in I's; when neither sympathetic nor vagal input was present the amplitudes of all peaks were decreased. In addition, the amplitudes of Pr and Pg were found to be significantly correlated with the mean heart period under the condition of vagal control only. It is concluded that & is related to sinus arrhythmia and that PI and PQ may be related to spontaneous rhythms that are an intrinsic feature of the dynamic regulation of heart period by the vagus system. Sympathetic activity plays no role in the genesis of these rhythms. sinus arrhythmia; spectral analysis; sympathetic and heart rate; vagus and heart rate A RECENT ANALYSIS of spontaneous heart rate variability (14) has shown it to be related to three major physiological factors : quasi-oscillatory fluctuations thought to arise in blood pressure control and variable frequency oscillations due to thermal regulation and to respiration. The best known of these variations is the phenomenon of sinus arrhythmia, which has been attributed to the influence of respiratory activity on the discharge of both sympathetic and vagal efferent nerves to the heart (1, 10-l 2). However, rhythmic variations in a lower frequency range, 1 J-10.0 cycles/min, have been observed in humans (13, 14, 19) . In an attempt to elucidate the influence of the sympathetic and vagal inputs to the heart on these-low frequency variations, a series of experiments were done on chloraloseanesthetized cats under diflerent conditions of neural inputs to the heart (6). In six cats, the cervical vagus nerves were exposed in the neck, freed for a distance of about 5 cm,. and left intact to be severed at a later time. The rectal temperature was kept at 37.0 =t: 0.2"C throughout the experiment by a heating pad connected to a Yellow Springs model 73 temperature controller. Heart period and respiratory data were recorded under various conditions of neural input to the heart as described later; in all cases, the heart rate was allowed to stabilize under the new condition before data were recorded.
Experiments. Three groups of experiments (A, B, and C) were done under several conditions of neural control of the heart as shown in Table 1 . In all experiments except group A (intact control) heart period and respiratory data were recorded for each condition for a period of at least 4 min. In the group A (intact control) experiment, 4 min of data were recorded at half-hourly intervals for 3.5 h to investigate spontaneous changes that occurred in the variation in heart period during the immediate postoperative period. Ilata acquisition. All data were recorded on a Philips analog 7 magnetic tape recorder.
The analog data were (2). Although heartbeats are discrete events that occur at unequal intervals, the FFT method was used by assuming the heart period and respiration data to be sequences of events equally spaced at an interval of 1 s and plotting the spectral density as a function of event number. This gave rise to a frequency scale in which frequency in units of cycles per total number of events was numerically equal to the event number.
This scale was converted to cycles per minute by multiplying the ratio (event number/ total number cf events) by the mean heart rate in beats per minute.
Estimates of the spectral density of the heart period and respiration data were obtained with a method described by Tukey (18) as follows:
1) the data were segmented into files of 5 12 points each to obtain three files of heart period and respiration data fcr each condition of neural input to the heart; 2) a l&h-order Chebyshev polynomial (7) was fitted to the data in each file; 3) files of residuals corrected puted values of the polynomial from the corresponding data points; 4) leakage in the subsequent spectral estimates was reduced by weighting each file of residuals with an extended cosine bell; 5) for each file, the coefficients of the discrete Fourier transform (DFT) were computed by the ITT algorithm and an estimate of the power spectraldensity function was obtained with these coefficients; 6) the variance of the spectral estimates for each condition of neural input was reduced by averaging the results obtained for the three files to obtain an average estimate; 7) the variance of the estimates was further reduced by computing moving averages with a triangular window with an equivalent bandwidth of 3 cycles/min; 8) the cross-spectral estimates obtained between heart Deriod by computing the quadrature-spectral estimates from corresponding sets of data (9) Although analysis of variance failed to reveal consistent features by which the condition of neural control of the heart could be identified by the values of the peaks in the autospectra, it was observed that these peaks displayed consistent changes when one neural condition was changed to another. Therefore, for each cat, the differences between the values of In PI, In Pp, and In Ps obtained for the pairs of conditions 11 and V, 12 and S, S and Iv were computed and the significance of these difierences was investigated with the Student t test (16). It was found that for ln PI there was a significant increase (P < 0.05, mean 5.42) on changing from 11 to V, a significant decrease (a < 0.05, mean 50.9) on changing from 12 to S, and a significant increase (P < 0.05, mean 1.79) on changing from S to N. Similar significant changes (means 7.32, 23.6, and 2.05, respectively)
were found for In Pz. The value of In P3 was significantly decreased (I' < 0.05, mean 7.17) on changing from 12 to S but no significant differences were found between the other two conditions.
Relation of PI und P:! to mean heart period. It was observed that the amplitudes of PI and PZ were affected by vagal and sympathetic inputs to the heart in a manner similar to that fur the mean heart period (HP), viz. increased by vagal activity and decreased by sympathetic activity. The possibility that a correlation existed between the variables PI and HP was investigated by assuming a relation of the form Table 6 , It can be seen that the correlations are significant (p < 0.01) for the first-intact, second-intact, and vagal-only conditions whereas they are not significant (I' > 0.1) for the sympathetic only and no control conditions. Moreover, it can be seen that 67 Gi;, of the variance The results shown in Table 6 indicate that the correlations are significant (P < 0.01) for the first-intact and vagal-only conditions but not significant (I' > 0.1) f or all other conditions. In addition, it may be seen that 86 c/'c of the variance in Ps is associated Fig. 2 , where it can be seen that the sympathetic-only and vagal-only regions do not overlap, whereas the no-control region overlaps the sympathetic-only area and the intact region overlaps all others.
DISCUSSION
The purpose of this study was to investigate the influence of the vagal and sympathetic neural inputs to the heart on the rhythmic variations in heart period. The influence of these inputs on the three principal rhythms identified is discussed below. Sinus arrhythmia. Component PS of the power spectral density of heart period was identified as being related to sinus arrhythmia on two accounts: it consistently occurred at the respiratory frequency, and the value of the coherence function obtained from heart period and respiratory data was consistently greater than 0.80 at the respiratory frequency, suggesting a linear dependence of Ps on respiratory activity.
The finding that P3 was generally large for the intact and vagal-only conditions (see Table  3 ) but was sympathetic-only, and no-control conditions, respectively. 
suggests that sinus arrhythmia is mediated neural input to the heart suggests that mechanical events principally through the vagus nerves. However, as comin the cardiovascular system contribute to their origins. ponent 1'3 is present, albeit small, for both sympathetic and However, as their amplitudes were small under this condino-control conditions it is suggested that there is some tion, it may be concluded that this contribution is minor contribution to sinus arrhythmia from sympathetic activity compared to that of the vagal system. and from nonneural factors. These findings are in general To conclude, three easily identified rhythmic variations agreement with the findings of previous investigators (e.g., in heart period have been shown to exist in the decerebrate 1, 10-12).
cat under four conditions of neural input to the heart: Low-frequency rhythms.
period * were
Low-frequency rhythms in heart intact, vagal only, sympathetic only, and no control. One identified in the frequency ranges 1.5-2.5 rhythm (1'3) is the well-known respiratory arrhythmia, cycl&/min (1'1) and 6-10 cycles/min (pa). Rhythms in whereas the others are much lower in frequency and may these ranges have been observed by previous investigators be related to the dynamic regulation of temperature and in both the human adult (14, 19) and the human fetus arterial pressure (14). It has been suggested that the low-(13) but the mechanisms that give rise to these rhythms frequency rhythms & and I "2 are intrinsic features of the have not been elucidated.
A new and interesting finding of dynamic regulation of heart period by the vagus system this investigation is the high correlation between In PI and and that they are augmented, to a small extent, by mechanIn HP and between In 132 and In HP in the presence of ical events in the cardiovascular system. In addition, it has vagal activity (see Table 6 ). As an increase in 1nHP is been suggested that sympathetic activity plays no role in usually associated with an increase in vagal activity, this the genesis of the observed variations but rather tends to suggests that increases in J'I and 1'2 are also associated with reduce their amplitudes. These results provide a new an increase in vagal activity. The finding that F1 and P:! perspective on the nature of the dynamic neural regulation
were largest for vagal-only conditions and were greatly of heart rate.
reduced after vagotomy suggests that these rhythms are an intrinsic property of the closed-loop vagal control of heart APPENDIX rate. This suggestion is consistent with the concept that vagal control of heart rate in the cat is achieved through a nonlinear system that exhibits stable limit cycles in the frequency ranges 1.5-2.5 and 6-10 cycles/min.
With regard to the role of the sympathetic input to the heart on rhythms PI and I An insight into the origins of these rhythms may be l2, obtained from the suggestion of Sayers (14) that in the the finding that the amplitudes human adult PI may be associated with the mechanisms of body temperature control and J'g with the dynamic regulation of mean arterial pressure. In both cases, it was suggested that the rhythmic variations were due to a highly nonlinear behavior originating in the brainstem. With regard to PI, sayers showed that the dynamic regulation of blood flow through peripheral vessels gave rise to a rhythmic variation in flow at a frequency of approximately 1.5 cycles/ min and suggested that this variation in blood flow was caused by changes in peripheral resistance. It therefore is suggested that this change in resistance gave rise to changes in arterial pressure that in turn may have caused changes in vagal activity to the heart via the baroreceptors. With regard to 1'2, it has been shown (8, 14) that the dynamic regulation of mean arterial pressure in the human adult could be modeled by a nonlinear control system that, in agreement with experimental observations, gave rise to an oscillation in the mean arterial pressure in the frequency range 4-6 cycles/min.
It is suggested that this change in pressure (as for PI) in turn may have caused changes in vagal activity to the heart via the baroreceptors. 
